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Abstract Backgrounds and aims:

The functioning of temperate forests may change dramatically in the future due to more extreme
precipitation events. In contrast to drought effects, little is known about the reaction of soil fungi to
rewatering. We studied soil fungal communities and soil enzymatic activities over a period of 3 months
following rewatering after 5 years of experimental drought.

Results:

The most pronounced changes compared to the drought phase occurred early after rewatering in the
beech root zone and were mainly attributed to litter decomposers. In the spruce zone, the relative
abundance of ectomycorrhizal fungi (ECMf) was lower during the initial phase of response to rewatering
but approached control levels after 3 months. The previous drought treatment was influencing the
structure of the saprotrophic fungal community (SAPf) more than that of the ECMf community during
rewatering. The composition of the SAPf community was associated with changes in nitrogen (mineral
nitrogen: control 2.86, rewatering = 1.53), while that of the ECMf community was associated with the
soil water content (control = 26%, and rewatering = 22%). Soil enzyme activities were positively
correlated with the diversity and composition of SAPf communities, especially in previously drought-



treated plots. In beech and mixed root zones, plant cell wall-degrading enzyme activities were elevated in
rewatered plots compared with control plots, while in spruce, only cellobiohydrolase and B-glucosidase
were elevated.

Conclusion:

Structural changes within SAPf communities associated with nitrogen dynamics correlated with
enzymatic activity in response to rewatering. A low responsiveness of fungal community composition in
the mixed root zone suggests its buffering capacity against fluctuating soil moisture conditions.

Keywords (separated by '-')

Forest soil fungi - Soil enzyme activities - Norway spruce - European beech - Mixed interaction -
Experimental drought - Rewatering
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Backgrounds and aims The functioning of temper-
ate forests may change dramatically in the future due
to more extreme precipitation events. In contrast to
drought effects, little is known about the reaction of
soil fungi to rewatering. We studied soil fungal com-
munities and soil enzymatic activities over a period of
3 months following rewatering after 5 years of experi-
mental drought.

Results The most pronounced changes compared
to the drought phase occurred early after rewatering
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in the beech root zone and were mainly attributed to
litter decomposers. In the spruce zone, the relative
abundance of ectomycorrhizal fungi (ECMf) was
lower during the initial phase of response to rewa-
tering but approached control levels after 3 months.
The previous drought treatment was influencing
the structure of the saprotrophic fungal community
(SAPf) more than that of the ECMf community dur-
ing rewatering. The composition of the SAPf commu-
nity was associated with changes in nitrogen (mineral
nitrogen: control 2.86, rewatering=1.53), while that
of the ECMf community was associated with the soil
water content (control=26%, and rewatering =22%).
Soil enzyme activities were positively correlated with
the diversity and composition of SAPf communi-
ties, especially in previously drought-treated plots. In
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beech and mixed root zones, plant cell wall-degrading
enzyme activities were elevated in rewatered plots
compared with control plots, while in spruce, only
cellobiohydrolase and p-glucosidase were elevated.
Conclusion Structural changes within SAPf com-
munities associated with nitrogen dynamics cor-
related with enzymatic activity in response to rewa-
tering. A low responsiveness of fungal community
composition in the mixed root zone suggests its
buffering capacity against fluctuating soil moisture
conditions.

Keywords Forest soil fungi - Soil enzyme
activities - Norway spruce - European beech - Mixed
interaction - Experimental drought - Rewatering

Introduction

Many forest ecosystems in Europe are at risk because
of the predicted highly variable precipitation and
temperature regimes (Sherwood and Fu 2014; IPCC
2021). Few studies on forest tree drought have
included the recovery process after drought and
the mechanisms employed by different tree species
(Arend et al. 2022; Hikino et al. 2022; Grams et al.
2021). The two dominant forest tree species in Cen-
tral Europe, Norway spruce (Picea abies [L.] Karst)
and European beech (Fagus sylvatica [L.]) are con-
sidered vulnerable to drought (Pretzsch et al. 2014,

X2l 2020; Leuschner 2020). However, both tree species
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often grow better in mixed stands than in monocul-
tures (cf. Pretzsch et al. 2020). In the case of spruce
and beech, positive mixture effects have been attrib-
uted to the overall beneficial trait complementarity
of both tree species, such as differences in the sea-
sonality of water use (Allen et al. 2019), litter types
(Berger and Berger 2012), rooting depths (Zapater
et al. 2011), and fine root growth (Nikolova et al.
2020). A higher diversity of niches resulting from this
complex trait diversity also influences the composi-
tion and functional roles of soil fungal communities
(Asplund et al. 2018, 2019).

Under soil drought, the relative abundance of fun-
gal functional groups is changed (Ekblad et al. 2013),
and soil saprotrophic fungi (SAPf) are more affected
than ectomycorrhizal fungi (ECMf) (Castafio et al.
2018). SAPf are particularily exposed to changes
in the soil physicochemical environment, and their

@ Springer

performance under drought conditions depends on
the specific response of fungal species (Schimel et al.
2007). In addition to environmental factors, the com-
position of forest soil fungal communities is largely
driven by tree species (Tedersoo et al. 2016). Thus,
soil fungal community composition may be indirectly
affected by tree species-specific reactions to soil
drought (Buscardo et al. 2021; Baldrian et al. 2023),
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i.e., adapted root growth (Nikolova 2008; Nikolova/X¥Il

et al. 2020), changes in root exudation (Brunn et al.
2022), regulation of water use (isohydric vs. anisohy-
dric, Hesse et al. 2022; Ulrich and Grossiord 2023),
hydraulic redistribution (Pretzsch et al. 2014; Zapater
et al. 2011), and increased amounts of root and leaf
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litter (Landesman and Dighton 2011). In contrast to XYl

predominantly soil living and litter associated SAPT,
ECMf are physically and physiologically connected
to their host tree and thus particularly depend on
the tree species-specific fine root reaction to drought
(Lehto and Zwiazek 2011). This may also apply for
root endophytic fungi and saprotophic fungi with
a secondary root associated life style. ECMf form
mutualistic symbioses with tree fine roots, includ-
ing species of Pinaceae and Fagales (Smith and Read
2010). ECMf are taxonomically diverse (Tedersoo
et al. 2010), but can be classified morphologically
into different exploration types as long-, medium-,
contact types (Agerer 2001). This -classification
accounts for the different extents the soil volume
can be exploited by mycorrhizal roots through their
extramatrical hyphae at different distances depending
on the exploration type (Agerer 2001). It is discussed
that long-distance exploration type ECMf have access
to root-unaccessible water and thus support the tree
drought survival (Lamhamedi et al. 1992). How-
ever, the observation of an ambiguous trend or even
an increase in exploration types characterized by a
lower biomass of extramatrical mycelium in the soil
under drought conditions (Barnes et al. 2018; Castafio
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et al. 2018, Kohler et al. 2018) may indicate that an Xl

increase in the abundance of ECMf forming the long-
distance exploration type under drought conditions
may occur with a concomitant increase in photosyn-
thetic efficiency, allowing the maintenance of myce-
lium that requires an increased supply of C (Castafio
et al. 2023)..

Spruce and beech trees have been studied for their
fine root growth under single and repeated droughts
(Nikolova 2008; Nikolova et al. 2020; Zwetsloot and
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Bauerle 2021). Under lasting severe drought, spruce
fine roots become suberized and stay alive in a state
of dormancy, while beech fine roots are subject to
constant renewal under drought but with a short life
span and fast turnover (Nikolova 2008; Nikolova
et al. 2020). This is thought to allow ECMT to colo-
nize newly formed beech fine roots, while suberiza-
tion of spruce fine roots and a very limited formation
of new fine roots over longer drought periods may
hinder recolonization (Sharda and Koide 2008). Upon
rewatering, a faster regeneration of ectomycorrhizae
with a smaller extramatrical mycelium (Tedersoo and
Smith 2013) may also influence the composition of
ECMf communities in soil. However, ECMf com-
munities on fine roots showed little response closely
associated with tree species-specific response patterns
related to root survival and recovery (Danzberger
et al. 2023).

Drought causes changes in the physical and
chemical conditions in soils and strongly reduces
soil microbial activities (Castafio et al. 2018) result-
ing in low soil respiration and decreased extracellu-
lar enzyme activities (Baldrian et al. 2010; Brockett
et al. 2012). This leads to an accumulation of litter
(Landesman and Dighton 2011) and nutrients, e.g.,
nitrogen, in the soil (Schimel et al. 2007), which in
turn further influence fungal community composi-
tion (Hogberg et al. 2003). Soil fungal communities
play an integral functional role in forest soil nutrient
cycling (Lindahl and Tunlid 2015), and SAPf are the
main decomposers of dead organic materials such
as leaf litter and wood in forest soils (Talbot et al.
2013; Asplund et al. 2018). SAPf are characterized
by their high genetic potential for enzymatic decom-
position (Baldrian 2017) in contrast to ECMf (Lin-
dahl and Tunlid 2015). Enzymes, being responsible
for acquisition of the three main nutrients carbon,
nitrogen, and phosphorus respond differently to the
same degree of soil moisture reduction (Sardans and
Peifiuelas 2005). The activity of soil enzymes, even of
the same enzyme, in response to precipiation can be
significantly modified by the plant species (Kreyling
et al. 2008; Zhou et al. 2013). The composition and
functional changes of soil microbial communities as
well as activities of extracellular soil enzymes may be
driven by the changes in soil moisture, microclimate
and plant root exudates (Puissant et al. 2015). Thus,
soil biological feedback is dependent also on the reac-
tion of plants upon drought variables.

Upon rewatering, physicochemical conditions in
soils change abruptly with different reaction pat-
terns of soil microbial communities (Fierer et al.
2021). While soil bacterial biomass increased
within hours, soil fungal biomass did not change
over weeks in a pine forest (Landesman and
Dighton 2011). In a recent study, Joseph et al.
(2020) showed that even small additions of water in
a dry Scots pine forest led to a regain of rhizosphere
microbial activity. Although the structural and func-
tional dynamics of changes in soil fungal commu-
nities in response to rewatering have been poorly
understood, there has been even less understanding
of how this is related to soil enzyme activity, par-
ticularly upon influence of different tree species. At
the Kranzberg roof (KROOF) experimental forest
site, controlled rewatering after 5 years of summer
rain exclusion revealed a faster recovery of beech
than spruce (Grams et al. 2021).

Here, we focused on the dynamics of soil fun-
gal communities during the 3-month period after
controlled rewatering in the KROOF experiment.
We examined how changes in soil abiotic condi-
tion (the soil water and nitrogen content) may drive
the composition of the soil fungal community and
connected with them the soil enzymes involved in
nutrient cycling in monospecific and two species
mixed root zones (beech and spruce) to each other.
Because of the stronger soil influence on SAPf than
ECMTf, we hypothesized the following:

H1: SAPf communities are more responsive than
ECMf communities to rewatering due to a change
in abiotic soil conditions that is faster than the
speed of root regeneration; rewatering will favor
contact exploration type ECMf.

H2: The response of soil fungal communities
will be modified by the root interaction zones; in
particular, fungal community composition (taxo-
nomic and functional groups) will more quickly
resemble controls in the mixed root zone than in
the monospecific root zones.

H3: Changes in soil enzyme activities reflect
changes in the SAPf community composition and
are more pronounced in monospecific zones than
in mixed zones due to greater changes in abiotic
factors.
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Material and methods
Research site and sampling

The experimental “Kranzberg Forest” site is located
in Southern Germany (11°39,042"E, 48°25012"N;
490 m a.s.l.) with an average annual precipitation
of 750-800 mm and a mean annual air temperature
of 7.8 °C (1971-2000) (Pretzsch et al. 2014). The
experiment was set up in a mature stand with Nor-
way spruce (P. abies (L.) Karst.) and European beech
(F. sylvatica L.) grown in luvisol originating from
loess over Tertiary sediments (for more details, see
Grams et al. 2021). In 2011, 12 plots with a size of
111-199 m? were established. A thick plastic tarp
was installed in 1 m deep trenches to avoid lateral
water flow (Grams et al. 2021). Each plot contained
at least three beech and three spruce trees, leading to
three tree root zones: mainly intraspecific root contact
with beech or spruce and interspecific root contact
of both tree species (Mix). Six plots served as con-
trols receiving ambient precipitation, and six plots
were assigned to throughfall exclusion using retract-
able roofs below the canopy to exclude precipita-
tion during the vegetation period (March-November)
from 2014-2018. Control and rewatering plots were
arranged pairwise next to each other across the exper-
imental site. Temperature on site was measured every
10 min at 2 m height, and volumetric soil water con-
tent was recorded by time-domain reflectometer sen-
sors on each plot and in each tree root zone (Grams
et al. 2021).

In 2015, two rewatering plots and the neighboring
control plots were excluded from the study because
spruces were felled after bark beetle infestation. In
early summer 2019, the remaining four rewatering
plots were watered by drip irrigation to attain the
soil water content of the control plots (‘“rewatering’)
(Grams et al. 2021). Watering of the plots was per-
formed in three campaigns within 4 weeks, as the
intensive sampling and sample processing activities
did not allow to water all plots at the same time. In
each campaign, soil samples were collected 7 days (d)
before (-7 d) and after irrigation at 7 d, 18 d, 42 d, and
84 d. On each sampling date, 10 soil cores (diameter
1.4 cm, 25 cm depth) were taken from each tree root
zone on each plot, and the upper organic-rich layer,
visible by a dark color, with a depth of 0-10 cm.
was pooled. The samples were homogenized at the

@ Springer

sampling site. The soil cores were pooled before filled
in the bag and then the soil subsample were taken for
the further analysis. Subsamples designated for the
enzyme activity test and DNA analyses were retrieved
from each such soil sample, avoiding roots and par-
ticles>2 mm in diameter. These soil samples were
placed on dry ice within 30 min and frozen at -80 °C
until further processing. In addition, 3 g and 5 g of
fresh soil were weighed into 50 mL plastic tubes to
determine the gravimetric water content and nitro-
gen content, respectively. In summary, the sampling
included 2 treatments X4 plots X 3 tree root zones X 5
time points, resulting in a total of 120 samples, giving
4 replicates of each treatment.

Soil enzyme analysis

Soil samples were thawed and allowed to adapt for
1 day at 6 °C prior to analyses. A total of 400 mg
of soil was mixed with 40 ml of distilled water and
shaken vigorously first for 10 s by hand and then for
15 min on an overhead shaker at room temperature
at 100 rpm. The soil suspension was ultra-sonicated
in an ice water bath for 3 min and filtered through a
90 um nylon mesh to remove coarse particles, and fil-
trates were immediately used for enzyme assays. 3 g
of the same soil sample were used to determine the
soil dry matter in each sample.

Soil enzyme activities were determined using
methylumbelliferone  (MU) labeled substrates
(Sigma—Aldrich Chemicals, Germany) as described
in Pritsch et al. (2005), and with the following modi-
fications of substrate concentrations and incuba-
tion times: 750 pM 4-MU-B-d-xylopyranoside for
xylosidase (xyl, EC 3.2.1.37) and 120 min; 750 pM
4-MU-p-d d-glucuronide hydrate for glucuronidase
(glr, EC 3.2.1.31) and 120 min; 300 uM 4-MU-B-d-
cellobioside for cellobiohydrolase (cbh, EC 3.2.1.91)
and 20 h; 750 uM 4-MU-N-acetyl-p-glucosaminide
for N-acetyl-glucosaminidase (nag, EC 3.2.1.14)
and 120 min; 600 uM 4-MU-B-d-glucopyranoside
for p-glucosidase (gls, EC 3.2.1.3) and 120 min; and
1200 uM 4-MU-phosphate for phosphatase (pho, EC
3.1.3.2) and 30 min. The 100 pL of labeled substrate
was mixed with 50 pL of soil suspension (three tech-
nical replicates per sample). The enzymatic reaction
was stopped with 100 pL of 1 M Tris, pH > 10 (Pritsch
et al. 2005). Possible autofluorescence or quenching
of the fluorescence signal influenced by the soil was
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accounted for by using 50 pL of soil suspension of
each sample and 100 pL containing 0-500 pmol MU
as used for calibration(see below). Additionally, we
included negative controls containing distilled water
instead of soil suspension along with the respective
substrate. Calibration curves were included in every
measurement plate containing 50 pL each of sterile
distilled water and 100 uL calibration solutions con-
taining 0, 100, 200, 300, 400, 500 pmol MU, each.
Prior to fluorescence measurements, the microplates
were centrifuged for 5 min at 2500 X g. Fluorescence
measurements were performed on an Infinite M1000
Pro spectrofluorometer and accompanying i-control
software (Tecan, Mannedorf, Switzerland) at excita-
tion/emission wavelengths of 365/450 nm. Released
amounts of MU were calculated based on calibra-
tion curves (taking into account negative controls and
quenching) and expressed as MU release in nmol per
g soil dry weight and minutes (nmol g™! min™").

To determine laccase activity (EC 1.10.3.2), soil
suspensions were incubated with 500 uM 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
for 180 min. The plates were centrifuged to spin down
particles for 5 min at 750 X g and then the 250 pl with-
out sediment were transferred into a new transparent
plate. The intensity of green color was measured at
420 nm on an Infinite M1000 Pro spectrofluorometer
and accompanying i-control software (Tecan, Ménne-
dorf, Switzerland). Laccase activities were expressed
as the turnover of ABTS in nmol per g soil dry weight
and min (nmol g™' min~!). Water instead of soil sus-
pension was used as a negative control.

DNA extraction, PCR amplification, and sequencing

To assess the diversity and composition of soil fun-
gal communities, DNA was extracted from 0.25 g
of soil samples and five negative controls using the
DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions
and using a Fastprep-24 (MP Biomedicals, Irvine,
CA, USA) for bead beating (24 m s7! 2%30 s). For
targeting fungal ITS2 (internal transcribed spacer
2 rDNA), equimolar forward (ITS3 mix 1-5) and
reverse primer (ITS4 mix 1-4) mixes were used
according to Tedersoo et al. (2015). Primers carried
overhangs for Illumina amplicon sequencing (Illu-
mina protocol Part # 15044223; Illumina, San Diego,
CA, USA) (Table S1). Reactions consisted of 1 pL

DNA (5 ng), 0.5 pL. 10 pmol ITS3tagmix, 0.5 pL
10 pmol ITS4tagmix, 10 pL NEBNext® High-Fidel-
ity 2xXPCR Master Mix (New England Biolabs,
Frankfurt, Germany) and 8 pL H,O. PCR conditions
were 5 min at 95 °C, 28 x [30 s at 95 °C, 30 s at 55 °C
and 60 s at 72 °C] and 10 min at 72 °C. For each sam-
ple, three independent PCRs were run, and the quality
of the products was assessed in 2% agarose gels. After
pooling of the replicates, PCR products were cleaned
using Agencourt AMPure XP (Beckman Coulter,
Krefeld, Germany) at a 1:1 concentration according
to the manufacturer’s instructions. DNA concentra-
tions were determined using an AccuClear® Ultra
High Sensitivity dsDNA Quantitation Kit (Biotium,
Inc., Fremont, CA, USA).

Amplicons were indexed with using PCR with
individual dual-index combinations of Nextera XT
Index Kit v2 Sets A and B (Illumina) for each sample,
and then cleaned, size-checked and quantified. The
indexing PCRs contained 1 pul (¢)DNA (5 ng), 2.5 ul
Nextera i7 primer, 2.5 ul Nextera i5 primer, 12.5 ul
NEBNext High-Fidelity 2X PCR MasterMix, and
6.5 pl ultra-pure H,O. PCR conditions were 3 min
at 95 °C, 8x[30 s at 95 °C, 30 s at 55 °C, 30 s at
72 °C] and 10 min at 72 °C. The final preparations
and sequencing (Miseq v3 chemistry, 600 cycles flow
cell, Illumina) followed the manufacturer’s recom-
mendations for ITS Metagenomic Sequencing Library
Preparation (protocol Part # 15044223 Rev. B).

DNA sequence processing

Raw reads from Illumina MiSeq were processed with
the automated pipeline PIPITS v2.7 (Gweon et al.
2015). Briefly, fungal sequences were prepared by
joining read pairs and by quality filtering according
to the pipeline’s standard parameters. The ITS2 sub-
region was extracted using ITSx (Bengtsson-Palme
et al. 2013). Short reads (<100 bp) were removed,
and sequences were assigned to operational taxo-
nomic units (OTUs) with a 97% similarity threshold
using VSEARCH (Rognes et al. 2016). Chimeric
sequences were removed by comparison with the
UNITE UCHIME database (v. 7.2, http://unite.ut.ee/
repository.php). Taxonomic assignment to the level
of species hypotheses (Nilsson et al. 2019) was per-
formed using the RDP classifier (Wang et al. 2007) in
combination with the UNITE fungal ITS database (v
8.2; Kodljalg et al. 2013; Abarenkov et al. 2020).
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FungalTraits was used to identify different func-
tional groups within the fungal communities (Pdlme
et al. 2020). It allows to assign fungal OTUs to
trophic groups subdivided into specific guilds com-
prised of fungi that share similar lifestyle modes (e.g.,
ECM fungi, litter saprotrophs, soil saprotrophs, and
root endophytes) and also to ECM “exploration type”
(Agerer 2001) on genus level. Fungal OTUs assigned
to SAPf were characterized by their major known
capabilities and high saprotrophic potential according
to their "primary lifestyle".

Soil parameter analysis

The water content of each soil sample was deter-
mined in triplicate (3 g each) after drying at 110 °C
for 24 h and expressed as percent water content.
Nitrate and ammonium were determined by the wet
chemical method in triplicate as described in Nickel
et al. (2017). Mineral nitrogen (N,,;,) was calculated
as a sum of nitrate and ammonium.,

Statistical analysis

For analysis of the whole soil fungal community,
OTUs with less than 10 total reads were considered
potential contaminants and excluded from further
analyses. Data were rarefied 1000 times using the
‘rarefy’ function (GNuniFrac, Chen et al. 2012) to a
depth of 10,000 sequences per sample, and the results
averaged. Analyses were conducted on the entire soil
fungal community (ALLf) or on subsets of SAPf and
ECMf.

Pair-wise correlations between soil parameters
(soil water percentage and various nitrogen forms)
and among various enzymes were assessed with
Spearman. correlation using the function ‘cor.fest’
(stats).

To check the normality of the data distribution, the
Shapiro—Wilk test was used (‘shapiro.test’ in pack-
age stats). For normally distributed data, differences
between mean values of a-diversity metrics were ana-
lyzed using an analysis of variance — ANOVA (‘aov’
in package stats) followed by Tukey’s honest signifi-
cance test (‘TukeyHSD’ in the stats package). Models
included the pairs of experimental plots (TE-CO-) as
random factor. When the assumptions of normality
were not met, data were analyzed using the nonpara-
metric Kruskal—Wallis test (‘kruskal.test’ in package

@ Springer

stats), and then the differences were analyzed by
Dunn’s test for multiple comparisons (‘dunn.test’ in
the dunn.test package).

The Shannon—Wiener diversity index and Simp-
son’s index of diversity were calculated using the
function ‘diversity’ and species richness by using
the function ‘specnumber’ in vegan (version 2.5-7;
Oksanen et al. 2021). Evenness was determined as
Shannon Index/log(species count).

To investigate the dissimilarity between individual
samples, for fungal communities, the Bray—Curtis
dissimilarity and for enzyme activities, the Euclid-
ean distance were calculated using the function ‘veg-
dist’ in the vegan package. We used a permutational
multivariate analysis of variance (PERMANOVA)
using distance matrices with the function ‘adonis2’
implemented in vegan to test the effects of the main
factors (tree root zone, treatment and day relative to
watering) and soil parameters on the fungal commu-
nity composition. The nestedness of the experimen-
tal design was considered using the paired (control-
rewatering) plots as random factor and for the ‘strata’
option. To uncover significant differences between
factors (treatment, root zone, and day relative to
watering), we used multilevel pairwise compari-
sons of permutational multivariate analysis of vari-
ance (pairwise PERMANOVA), function ‘pairwise.
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adonis’ (Martinez Arbizu 2020) with Bonferroni p[Xal

value correction. Fungal community composition and
enzyme profiles were visualized using principal coor-
dinate analysis (PCoA) ordinations. The package phy-
loseq (McMurdie and Holmes 2013) was used create
charts on relative abundances.

To estimate the dynamics of fungal communities
in the rewatering treatment relative to the control
treatment (averaged by “day relative to watering”),
the standard error of the difference between means
(op,-m,) Was calculated according to Foster et al.
(2018) as follows:

2 2
- _ %1, 9
M-, =\t —

np

where af and o-% describe the respective variances of
control and rewatering samples and replicate number
(ny and n,).

Mantel tests were used to test correlations between
variations in enzyme activities and variations in fun-
gal community composition in the R package ecodist
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(Goslee and Urban 2007) given by the Bray—Curtis
index as a dissimilarity metric. Pearson correlations
between the relative abundance of genera in samples
and enzyme activities were established using the R
package Hmisc (Harrell and Harrell 2019).

For each genus, a set of specific enzyme activities
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Eg x were calculated as abundance weighted averages
with the formula described by Bodeker et al. (2014)
as follows:

Yo EaPi

E ==~
= Yo, Pi

where E; is the activity of enzyme X in sample i, Pi
is the relative amplicon abundance of genera in sam-
ple i and n is the total number of samples.

All statistical analyses were performed using R

(version 4.1.2, RCore Team 2021) and RStudio Desk-
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top (version 2021.09.2-382, RStudio Inc.). P val-
ues < 0.05 were considered statistically significant.

Results
Abiotic soil parameters

Both, total soil nitrogen content and N, ; were sig-
nificantly affected by all three factors, treatment, root
zone and day relative to watering (Fig. S1, Table S2).
Treatment and day relative to watering significantly
influenced ammonium concentrations, while nitrate
concentrations were influenced by the root zone
(Table S2). All inorganic nitrogen forms were highly
correlated (Fig. S2). The soil water content reached
the same level in the rewatering and control samples
at different time points according to root zone: at 7
d in the spruce zone, at 42 d in the beech zone, and
with an unclear pattern in the Mix zone (higher in
rewatered than control at 42d, 84 d) (Fig. S1).

Sequencing output

A total of 2,824,111 fungal sequences were obtained
and assigned to 3,966 OTUs. The average sequencing
depth of the samples was 23,466 reads. Eleven sam-
ples of the real samples had readings below 10,000
and were excluded from further analysis. The most
abundant phyla were Ascomycota (34% of fungal
OTUs, 20% of fungal sequences), Basidiomycota

(21%, 54%), Mortierellomycota (3%, 16%), Muco-
romycota (2%, 2%), Rozellomycota (2%, 2%), and
Chytridiomycota (1%,<1%). Considering the pri-
mary fungal lifestyle, 896 OTUs (23% of fungal
OTUs, 34% of sequences) were assigned to SAP,
followed by ECMf (6%, 39%), pathogenic fungi
(1%,< 1%), others (3%, < 1%), and fungi of unknown
lifestyle (67%, 26%). In the SAPf, fungi that also
had root endophyte ability represented 2.8% of all
sequences, and 0.2% of sequences could be assigned
to ectomycorrhizal fungi (Fig. 1).

Diversity of soil fungi in response to rewatering in
different root zones

Treatment had no effect on any of the a-diversity
indices of ALLf (Table 1). However, Pielou’s even-
ness was higher for SAPf in rewatered than in con-
trol (Table S3). Greater Shannon diversity and spe-
cies richness were observed for ECMf under control
conditions than under rewatered conditions (P <0.05)
(Table 1, Table S3).

Tree root zone significantly affected all a-diversity
indices for ALLf (Shannon — P<0.001, ANOVA;
Simpson — P<0.001, Kruskal—Wallis; Pielou even-
ness—P <0.001, ANOVA) (Table 1). ALLf commu-
nities from spruce zone of rewatering and controls,
were characterized by the highest Shannon index
(mean H=4.35) in contrast to the beech root zone
with the lowest (mean H=3.84) and intermediate val-
ues for the Mix root zone (mean H=4.02) (Table 1,
Table S3). Similar results were obtained for the other
a-diversity indices (Simpson index, Pielou Eveness)
for ALLS (Table S3, S4). Separated by trophic mode,
SAPf diversity indices followed the same pattern as
those of ALLf; however, for ECMf, Shannon, Simp-
son, and Pielou evenness were not influenced by root
zone (Table 1; Tables S3, S4).

‘Day relative to watering’ had no significant effect
on the diversity of ALLf, SAPf, or ECMTf (Table 1).

Composition of soil fungal communities following
rewatering

Tree root zone and treatment significantly affected
the community composition of ALLf, SAPf and
ECMf (Table 2, S5). Principal Coordinate Analy-
sis indicated that groupings according to these fac-
tors were evident for ALLf (Fig. 2a). In contrast to
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Fig. 1 Dynamics of
changes in temperature and
precipitation during day
(light blue) and night (dark
blue) at the experimental
plots during the rewatering
experiments (a). Volumetric
soil water content (b) in

0 — 7 cm of control (blue)
and rewatered plots (red)
whereas the line types
indicate the plots of dif-
ferent watering campaigns
(solid = first, broke = second
and dotted = third watering
campaign) within the sam-
pling period. The vertical
lines on both figures specify
the days of the watering

L0} events
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Table 1 Effects of treatment, root zone and day relative to watering on different a-diversity indices calculated for all soil fungi
(ALLS), saprotrophic (SAPf), and ectomycorrhizal fungi (ECMf)

Diversity indices

Fungal group

Treatment
(df=1)

Root zone
(df=2)

Day relative to rewatering

(df=4)

Shannon index

Simpson index

Pielou Eveness

ALLf
SAPf
ECMf
ALLf
SAPf
ECMf
ALLf
SAPf
ECMf

F=2.48,P=0.119
x>=2.40, P=0.122
F=7.45,P<0.01
x>=0.16, P=0.687
x*=3.40, P=0.065
x*=1.64, P=0.199
F=0.10, P=0.749
¥?=6.49, P <0.05
x>=0.11, P=0.740

F=39.45, P <0.001
¥2=33.92, P <0.001
F=0.06, P=0.939
x> =31.80, P <0.001
¥?=28.22, P <0.001
x*=1.43, P=0.488
F=29.94, P <0.001
¥>=20.33, P <0.001
x>=3.55, P=0.169

F=0.12, P=0.730
x>=4.96, P=0.292
F=1.55,P=0.215

x>=2.58, P=0.629
x>=5.38, P=0.251
x*=3.07, P=0.546
F=0.06, P=0.802

x*=1.95, P=0.745
x*=0.81, P=0.937

Comparison of diversity indices for the factors treatment (control vs. rewatered drought treated), different tree root zone (spruce-
monospecific, beech-monospecific, mixture zone between beech and spruce), and day relative to start of rewatering (day -7, 7, 18,
42, and 84): when data passed the Shapiro test for normal distribution, ANOVA was applied, if not the Kruskal-Wallis test was used.
Significant differences are highlighted in bold (P <0.05)
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Table 2 PERMANOVA on the composition of all fungi (ALLf), soil saprotrophic fungi (SAPf), and ectomycorrhizal fungi (ECMf)

based on Bray-Curtis dissimilarities following the overall experimental design
Factor df ALLf SAPf ECMf

R? P R? P R? P
Treatment (T) 1 0.065 <0.0001 0.085 <0.0001 0.050 <0.0001
Root zone (RZ) 2 0.18 <0.0001 0.218 <0.0001 0.164 <0.0001
Soil Water Content (SWC) 1 0.01 0.0465 0.009 0.1286 0.014 0.0178
Noin N) 1 0.01 0.0184 0.017 0.0134 0.012 0.1266
TxRZ 2 0.04 0.0003 0.030 0.0020 0.044 0.0002
RZxN 2 0.02 0.0378 0.026 0.0094 0.020 0.1442

Effect of tree species (root zone, RZ), control and rewatering (treatment, T), soil water content (SWC) and soil N,

(N) and their

nim

interactions, excluding insignificant terms. Full model with all factors in Table S5

ECMT, the clustering of the SAPf among the inves-
tigated factors was very pronounced (Fig. 2b, c).
Day relative to watering had no significant effect
(Table 2, S5). The community composition in the
different (spruce, beech and mix between them)
root zones responded differently to the treatment
for ALLf, SAPf and ECM{, as indicated by the sig-
nificant root zone X treatment interaction (Table 2,
Table S6). A pairwise comparison between beech,
spruce and Mix root zones showed that the com-
munity composition differed between beech and
spruce soils and that the composition of communi-
ties from the Mix root zone was more similar to the
beech root zone than to spruce root zone (Table S7).
Both, soil water content at the time of sampling
(P=0.0465, PERMANOVA) and N,;, (P=0.0184,
PERMANOVA) had significant effects on the ALLf
community, whereas N _; only had a significant
effect on the SAPf community and soil water con-
tent only had a significant effect on ECMf commu-
nity composition (Table 2, Table S7).

In the beech root zone, higher relative abun-
dances of SAPf in rewatered samples than in con-
trol were observed directly after rewatering, which
declined within two weeks, while the abundance of
ECMT{ increased at the same time (Fig. 3a, b). In the
spruce root zone, the relative abundance of ECMf in
the rewatered samples was lower than that of control
most of the time but returned to the level of control
at the end of the experiment, in contrast to the abun-
dance of SAPf (Fig. 3a, b). From 18 d after rewater-
ing and onwards, the abundance of ECM{ in the Mix
root zone increased and remained above control levels
until the end of the sampling period (Fig. 3a, b).

Among SAPT, the subgroup of soil saprotrophs was
dominant in all samples (Fig. 3c). However, in the
beech root zone, the relative amounts of litter sapro-
trophs in rewatered samples decreased from 18% 7 d
before rewatering to 10% 7 d after rewatering in favor
of soil saprotrophs (Fig. 3b, d). Apart from this fluc-
tuation, the difference was very small (c. 6%) between
sampling dates relative to control (Fig. 3b, d).

The relative abundances of exploration types of the
ECMIf communities changed differently in rewatered
samples relative to control of the different root zones
after rewatering (Fig. S3).

In the beech root zone of the rewatering, medium-
distance fringe types were absent before rewater-
ing (Fig. S3a) but were seen as a stable community
component (c. 6% lower than in control) afterwards
(Fig. S3b). This mostly happened at the expense of
the contact exploration types, which dominated at
all times (Fig. S3a). Long distance exploration types
were a minor component of the beech root zone in
the rewatered community before rewatering and were
even less abundant after rewatering (Fig. S3a). While
the distribution of exploration types in the beech
zone differed between control and rewatered samples
before rewatering, the two became similar at the end
of the observation period (Fig. S3b).

In the Mix root zone, contact types also domi-
nated at all times, with minor fluctuation. Exploration
types from the Mix root zone of rewatered samples
resembled those of control, albeit with a higher share
of contact types and a lower share of short distance
types (Fig S3b).

In the spruce root zone, medium-distance fringe-
type taxa were absent in rewatered samples, while
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Fig. 2 Principal Coordinate Analysis based on fungal com-
munity dissimilarity (Bray-Curtis) for ALLf (a), SAPf (b) and
ECMTf (c¢). Each point represents the soil fungal community
of one sample. Ellipses: 95% confidence interval for samples
from control (CO, solid line, blue points) and rewatered (RE,
dotted line, red points). Shapes: tree root zones of beech-beech
(round BB), spruce-spruce (triangle SS) and beech-spruce
mixture (square Mix)
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they made up a small fraction (3%) in control. Simi-
larly, short-distance-type taxa were mainly lower
in rewatered samples than in control. Long-distance
exploration types were more abundant in rewatered
samples (approximately 3% higher than in control)
than in control before rewatering and even increased
to 4-8% after rewatering in rewatered relative to
the control (Fig. S3b) compared to c. 4% in control
(Fig. S3a).

Among the SAPf, no changes in abundance were
observed between rewatering and control soil in the
spruce root zone (Fig. S4). Only 3 genera differed
in relative abundances between control and rewa-
tered samples in the beech root zone, with relatively
higher abundances in rewatered samples for Geomy-
ces and Solizoccozyma (P <0.05, Kruskal—Wallis)
and the opposite for Mortierella (control > rewatered,
P <0.05, Kruskal—Wallis). In the Mix root zone, the
genera Absidia, Geomyces, Oidodendron, Rhodocol-
lybia, Solizoccozyma, Trechiospora and Umbelop-
sis were more abundant in rewatered samples than
in control (P<0.05, Kruskal—Wallis). Although the
samples were isolated from soil, some of the taxa
classified as saprotrophic also show a different life-
style. For example, Archaeorhizomyces, Mortierella,
and Umbelopsis may also be root-associated fungi,
and Oidiodendron may function as a root endophyte
(Fig. S4).

Comparing ECMf genera, Amanita was more
abundant in rewatered samples than in control in all
zones (P <0.05), Thelephora was more abundant in
the Mix and spruce root zones, and Xerocomellus
was more abundant only in the spruce zone (Fig. S4).
Some ECMf genera were more abundant in control
than in rewatered samples: Cortinarius in the spruce
and Mix root zones and Lactarius, Piloderma, and
Tylospora in the spruce zone.

Soil enzyme activities

Treatment and tree root zone both had a significant
effect on all measured soil enzyme activities, but the
day after watering did not (Table 3).

Five out of seven enzymes significantly differed
between rewatering and control (Tables 3 and 4),
with nag and lac activities being higher in control
than in rewatered plots. The two enzymes gls and
glr had higher activity in the rewatered plots than
in the control plots. The greatest difference between
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Fig. 3 Time course of relative abundances of different soil
fungal groups in control (CO), and rewatering plots (TE) rela-
tive to watering (day -7, 7, 18, 42, and 84) and in three root
zones (SS — spruce monospecific, BB- beech monospecific,
Mix-mixture zone of both). Left panels (a, c) relative shares of
a) all fungal groups; c) fungal saprotrophic groups; right panels
(b, d) changes in TE (colored lines) relative to CO (black line)

rewatered and control (higher in rewatered plots)
was observed in soil samples from the beech root
zone for enzyme activities related to cell wall deg-
radation (cbh, glr, gls, xyl) (Fig. S5). For these
enzymes, higher activities were also observed in
the Mix root zone. In the spruce root zone, only cbh
and gls had higher activities in the rewatered plots
than in the control plots.
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based on average values+standard errors of the difference
between means of b) ectomycorrhizal and saprotroph fungi; d)
litter, soil, wood saprotrophs. “other” sums up the following
fungal groups: algal parasite, animal parasite, mycoparasite,
root endophyte, epiphyte, foliar endophyte, lichenized, arbus-
cular mycorrhizal

The tree root zone had the greatest influence of
the tested factors on most soil enzyme activities in
control and rewatered plots, except for pho (Table 4).
The activities of enzymes related to cell wall degrada-
tion were highest in the spruce root zone and lowest
in the beech root zone, with intermediate activity in
the Mix root zone (Table 5). Nag activity was signifi-
cantly higher in samples from the spruce root zone,
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Table 3 Soil enzyme activities (pho—phosphatase; nag—N-
acetyl-glucosaminidase; gls—f-glucosidase; cbh—cellobiohy-
drolase; glr—glucuronidase; xyl—xylosidase; lac — laccase) as

two species), and time of watering (-7, 7, 18, 42, and 84 after
starting rewatering): * — for normally distributed data ANOVA
was applied; ® — for non-normal distributed data Kruskal-Wal-

affected by. treatments (CO and RE), three different root zones lis test

(spruce — spruce, beech —beech, and mixture zone between the

enzyme Treatment Root zone Day relative to rewatering
df=1) (df=2) (df=4)

pho x>=2.81, P=0.0935 x>=2.18, P=0.3367 x>=5.17,0.2702

nag ¥x*>=4.71, P=0.0301 %*=10.21, 0.0061 x>=4.63,P=0.3278

gls F=8.13, P=0.0053 F=66.43, P <0.0001 F=0.05, P=0.8164

cbh F=17.10, P =0.0089 F=58.52, P <0.0001 F=0.16, P=0.6920

glr F=5.19, P=0.0248 F=48.06, P <0.0001 F=0.05, P=0.8263

xyl x>=0.65, P=0.4219 x*=64.84, P <0.0001 x>=4.63, P=0.3278

lac F=17.03, P<0.0001 F=4.46, P =0.0139 F=0.06, P=0.8017

Significant differences in bold (p <0.05). To achieve normal distribution the data were log transformed

Table 4 Soil enzymes activities according to treatment (CO
— control, RE — previously drought treated plots) and root
zone (RZ: BB — beech, Mix — mix zone, SS — spruce), values
are given as mean with SE in brackets, and are expressed as

min) for pho—phosphatase, nag—N-acetyl-glucosaminidase,
gls—p-glucosidase, cbh—cellobiohydrolase, glr—glucuroni-
dase, xyl—xylosidase; and as ABTS turnover (nM/g dry soil/
min) for lac—Ilaccase

release of methylumbelliferone (MU) release (pM/mg dry soil/

RZ pho nag gls cbh glr xyl lac
CcO BB 32.32 (2.29) 5.38 (0.53) 8.50 (1.28) 1.02 (0.18) 1.24 (0.40) 4.16 (0.58) 267.33 (32.33)
Mix 33.70 (3.66) 6.13 (1.15) 15.35 (1.98) 1.69 (0.26) 1.77 (0.24) 9.43 (1.23) 222.05 (36.13)
SS 39.55 (3.12) 12.90 (3.86) 36.19 (3.34) 4.80 (0.71) 3.30(0.19) 18.19 (0.95) 213.74 (18.56)
RE BB 33.98 (3.62) 7.24 (0.81) 12.81 (1.18) 1.47 (0.14) 1.37 (0.14) 6.28 (0.70) 180.35 (24.97)
Mix 27.98 (2.37) 7.40 (0.81) 21.31 (2.38) 2.48 (0.35) 2.46 (0.31) 11.14 (1.13) 115.63 (22.61)
SS 32.55 (4.44) 9.05 (1.28) 33.03 (2.52) 4.50 (0.50) 3.48 (0.38) 15.99 (1.43) 161.33 (14.68)

Table 5 Correlation between soil enzyme activities and SAPf and ECMT diversity and composition (PCoAl, PCoA2)

SAPf ECMf
Shannon diver- PCoAl PCoA2 Shannon diver- PCoAl PCoA2
sity sity
Nutrient acquring pho
nag 0.31 -0.39 -0.11
hydrolytic cbh 0.56 -0.78 -0.42 -0.46
xyl 0.49 -0.81 -0.37 -0.58
gls 0.54 -0.81 -0.39 -0.53
glr 0.51 -0.77 -0.36 -0.52
oxidative lac 0.19 -0.41 -0.38 0.32

Only significant relationships (P <0.05) are marked with Spearman correlation coefficients. pho—phosphatase; nag—N-acetyl-glu-
cosaminidase; gls—f-glucosidase; cbh—cellobiohydrolase; glr—glucuronidase; xyl—xylosidase; lac — laccase
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and there were no differences between beech and Mix
root zones for this enzyme. In contrast, lac had the
highest activity in the beech zone, with no differences
between the spruce and Mix root zones (Table 5,
Fig. S5).

Soil enzyme activity profiles partly separated soil
samples in principal coordinate analysis (Fig. 4).
Enzyme activity profiles correlated with fungal com-
munity composition: ALLf (tho=0.47, P<0.001,
Mantel test), SAPf (rho=0.42, P<0.001, Mantel
test), and ECMf (rho=0.34, P<0.001, Mantel test).
Analyzing control and rewatered samples separately
using Mantel tests, soil enzyme activity profiles cor-
related with higher values for SAPf (rho=0.50,
P<0.001, Mantel test) than EMCf (rtho=0.29,
P<0.001, Mantel test) in rewatered plots, while
enzyme profiles of control similarly correlated with
SAPf (rho=0.43, P<0.001, Mantel test) and ECM{f
(tho=0.41, P<0.001, Mantel test). Moreover, sig-
nificantly more SAPf taxa than ECMTf taxa correlated
with soil enzyme activities (Table 6). The relative
abundance of SAPf taxa was positively correlated
with most enzymes, particularly with C-compound
degrading enzymes (cbh, xyl, gls, glr, lac), and signif-
icantly less correlated with nag and pho. All 10 of the

051

0.01

PC029.8 %

most abundant genera of SAPf were positively corre-
lated with different soil enzyme activities (Table 6).
Additionally, some ECMf genera correlated posi-
tively with soil enzyme activities (Elaphomyces,
Pseudotomentella, Tylopilus, and Tylospora), while
most were negatively associated (Cenoccocum, Cla-
vulina, Lactarius, Melanogaster, Piloderma, Russula,
Thelephora).

Discussion

Response of SAPf vs. ECMf communities to
rewatering

Spruce ECMf communities did not rapidly change,
resembling the dynamics of ECMf on regenerat-
ing spruce fine roots after rewatering (Danzberger
et al. 2023). In our study, we observed an increase
in long distance exploration type in spruce soil dur-
ing rewatering. Although these exploration types,
together with medium distance mat, and medium dis-
tance fringe, are characterized by increased nitrogen
uptake, unlike the others (Hobbie and Agerer 2010),
this may not be the result of chitinase production,

Treatment
- CO
-#- RE

|nlefaCll0n_ZOn€
¢ BB
A Nix
| ss

-04 0.0

PCo119.1%

Fig. 4 Ordination plot of the first (x-axis) and the second
dimensions (y-axis) of principal coordinate (PCoA) scores for
soil enzyme activity profiles with each dot representing seven
enzymes (phosphatase, N-acetyl-glucosaminidase, p-glucosi-
dase, cellobiohydrolase, glucuronidase, xylosidase, laccase).

Ellipses show 95% confidence interval for samples from con-
trol (CO, solid line, blue points) and rewatering plots (RE, dot-
ted line, red points). Symbols represent soil samples from three
root zones: beech-beech (round BB), spruce-spruce (square
SS) and beech-spruce mixture (triangle Mix)
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Table 6 Correlation between relative abundance of a genus and soil enzyme activity

Genus Primary lifestyle Secondary lifestyle  Endophytic interaction capability pho nag gls cbh  glr xyl lac
Cenococcum ectomycorrhizal - -0.18 -0.21  0.26
Clavulina ectomycorrhizal - -0.18 -0.19 -0.20
Elaphomyces ectomycorrhizal - 0.24 026 029 0.33
Lactarius ectomycorrhizal - -0.23  -0.24 -0.26
Leotia ectomycorrhizal - 0.19
Melanogaster ectomycorrhizal - -0.18  -0.21
Piloderma ectomycorrhizal - -0.18 -0.27 -0.28 -0.28 -0.26 -0.31
Pseudotomentella ectomycorrhizal - 0.31 0.24
Russula ectomycorrhizal - -0.33  -0.19 -0.28 0.34
Thelephora ectomycorrhizal - -0.29
Tomentella ectomycorrhizal - 0.26
Tylopilus ectomycorrhizal - 0.20 0.25
Tylospora ectomycorrhizal - 025 024 026 031
Amaurodon litter saprotroh - 029 023
Byssonectria litter saprotroph - 026 0.18 021 0.28
Cadophora litter saprotroph - ectomycorrhizal 0.20 0.18
Chaetosphaeria litter saprotroph wood saprotroph foliar endophyte -0.27 -0.24 -025 -0.24
Entoloma litter saprotroph - ectomycorrhizal 0.25 0.28 031
Hyaloscypha litter saprotroph wood saptroph ectomycorrhizal 0.20
Leptodontidium litter saprotroph ericoid mycorrhizal  root endophyte -0.26
Maasoglossum litter saprotroph - 0.25
Pseudopenidiella litter saprotroph - 0.27 0.24 0.28
Rhodocollybia litter saprotroph - 026 033 0.20
Ripartites litter saprotroph - 0.20 0.28
Absidia soil saprotroph - 032 027 -0.18
Archaeorhizomyces __soil saprotroph root associated root associated 026 020 0.19 0.26
Cladophialophora soil saprotroph - root endophyte 0.27
Geomyces soil saprotroph - 021 -0.21
Glarea soil saprotroph - 0.18 0.18 024
Golffeauzyma soil saprotroph plant associated 0.23
Mortierella soil saprotroph root associated root associated -0.26 -0.27
Mucor soil saprotroph - 0.19 021
Oidiodendron soil saprotroph root endophyte root endophyte 0.29 -0.21
Phallus soil saprotroph - 0.28 0.26
Phialocephala soil saprotroph root endophyte root endophyte 0.34
Ramicandelaber soil saprotroph - -0.30 -0.32
Solicoccozyma soil saprotroph epiphyte 0.24
Umbelopsis soil saprotroph root associated root associated -0.25 -0.24
Basidiobolus unspecified saprotroph - 0.34 0.20 0.26 0.30
Brachysporium unspecified saprotroph - -0.19  0.25
Chalara unspecified saprotroph  wood pathogen foliar endophyte 0.22 028 031 031 0.28
Lasiosphaeris unspecified saprotroph - 0.30
Penicillium unspecified saprotroph - foliar endophyte 0.29 026 0.33 0.34 -0.32
Rhodotorula unspecified saprotroph  foliar endophyte foliar endophyte 0.18
Sagenomella unspecified saprotroph - -0.19
Slooffia unspecified saprotroph - 0.19
Talaromyces unspecified saprotroph - 028 030 029 030 -0.21
Tritirachium unspecified saprotroph animal pathogen 034 029
Acericola wood saprotroph - 0.22
Arachnopeziza wood saprotroph - -0.19
Ascocorticium wood saprotroph - 0.19 0.24
Ciliciopodium wood saprotroph litter saprotroph 020 021 024 032 021 0.19
Connersia wood saprotroph - 0.21
Cristinia wood saprotroph - 0.18
Diplococcium wood saprotroph litter saprotroph 0.18
Hyphoderma wood saprotroph - 0.21
Hypholoma wood saprotroph - 0.20
Lophiostoma wood saprotroph litter saprotroph 0.19
Neobulgaria wood saprotroph - -0.19
Phragmocephala wood saprotroph - -0.20 -0.18 -0.22
Rigidoporus wood saprotroph -
Scytalidium wood saprotroph - -0.18 -0.18
Trechispora wood saprotroph - 0.33  0.30 0.30 -0.19
Spizellomyces pollen saprotroph - 0.25
Terramyces pollen saprotroph - -0.19 -0.20 -0.20
Exophiala animal pathogen litter saprotroph root endophyte 0.25 0.19
Sugiyamaella animal endosymbiont  necter/tap saprotroph 0.30 0.27 0.28
Cutaneotrichosporon __animal parasite animal decomposer -0.20 -0.18
Haptocillium animal parasite animal decomposer 022 021
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Table 6 (continued)

Monacrosporium animal parasite wood saprotroph -0.32 -0.30 -0.27 -0.26
Ochroconis animal parasite plant pathogen 0.18 020 031 023 021
Phialemonium animal parasite - -0.18 -0.19
Pochonia animal parasite animal decomposer 0.20
Polycephalomyces animal parasite - 0.22

Mycosymbioces mycoparasite fungal decomposer -0.21
Sepedonium mycoparasite - 0.23

Tremella mycoparasite - -0.18 -0.22  0.26
Porosphaerella foliar endophyte litter saprotroph foliar endophyte 0.19
Pezizella root endophyte - root endophyte 0.25

Pezoloma root endophyte soil saprotroph root endophyte 0.21

Colpoma plant pathogen litter saprotroph 0.21
Ilyonectria plant pathogen - 0.19 0.19 0.28 -0.19

Only genera accounting for more than 1% of all reads in two or more samples were included. The numbers in the table show the

Pearson correlation coefficient

but better competition and protection of the occupied

88 area (Mucha 2011). Fungi that make up the contact,
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short and medium smooth exploration type have a
smaller biomass of extramatrical mycelium (Agerer
2001). According to Tedersoo and Smith (2013) fungi
forming exploration types with smaller extramatrical
mycelium regenerate faster in response to environ-
mental disturbances, and in our study they were more
abundant in soil of beech and Mix root zone in rewa-
tered plots than in control. High turnover of fine roots
(dieback and regrowth) during a previous severe natu-
ral drought (Nikolova et al. 2020) provided a dynamic
habitat for ECMf with continuously recovering beech
roots to be colonized in the beech and Mix root zones.
Accordingly, ECMf communities had a high potential
to recover under rewatering conditions (Danzberger
et al. 2023). As a consequence of a substantial accu-
mulation of litter over the 5 drought years (personal
observation) in the beech root zones of rewatered
plots, rewatering resulted in a rapid turnover of litter
decomposer communities to more soil saprotrophic
communities within two weeks. This is in agree-
ment with the fast decay of high-quality beech litter
(Berger and Berger 2014) and the natural turnover of
decomposer communities with changing substrates in
litter after drought (Asplund et al. 2018). SAPf in our
study also followed different dynamics in beech soils
with a decrease in litter decomposers one week after
rewatering, which was not the case in spruce soils.
This may be explained by the initial hydrophobicity
of spruce litter and its overall higher recalcitrance due
to its high content of phenolic compounds (Thai et al.
2023). Aligning with our results, SAPf richness and
diversity in soils were found to be higher under coni-
fers than under beech trees (Cornelissen et al. 2001;
Kubartova et al. 2009), which the authors attributed

to a more recalcitrant litter quality in conifers requir-
ing a more diverse enzyme profile for decay. The
faster dynamics of changes in saprotrophic fungal
communities combined with their greater produc-
tion of enzymes may result in a faster availability of
released nutrients necessary for root regeneration in
soil with beech litter.

In our study, N,,, significantly increased in
accordance  with other drought experiments that
found reduced mineralization and nitrification under
drought (Deng et al. 2021). In addition, the variation
in N ;, with different root zone confirms an influence
of litter (amount and/or quality) on mineral nitro-
gen release (Martinez-Garcia et al. 2021). Among
the measured soil abiotic factors, soil moisture con-
tent was mainly associated with ECM{, in contrast to
HI. Ny, on the contrary, was associated with SAPf.
This seemingly contradicts results from a Mediter-
ranean forest where soil SAPf was more affected by
drought than ECMTf (Castafio et al. 2018). However,
a recent study showed that ECMf biomass is mainly
driven by soil temperature, moisture and pH, while
SAPf biomass is associated with soil organic C and
the C:N ratio and forest attributes (tree basal area and
proportion of harvested tree biomass) (Awad et al.
2019). Moreover, our finding of a positive correlation
between SAPf abundance and N, is consistent with
the results of another study showing that the accumu-
lation of nitrogen along with organic matter can drive
the abundance of saprotrophic fungi (Morrison et al.
2016).
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Some fungal species may have more than one[XE}

nutritional mode reflected in their lifestyle, as they
may occupy more than one ecological niche (Lof-
gren et al. 2018; Martino et al. 2018). One of the
dominant genera in our study, Archaeorhizomyces, is

@ Springer

Journal : Medium 11104 Article No : 6564 Pages : 22

MS Code : 6564 | Dispatch : 2322024 |

836
837
838
839



840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855

Plant Soil

widespread in diverse ecosystems worldwide (Albu-
rae et al. 2020). However, they do not produce recog-
nizable mycorrhizal structures and show saprotrophic
potential in the decomposition of organic compounds
(Rosling et al. 2011), and information on this class of
fungi is still very limited and the mode of nutrition
remains uncertain. Oidiodendron is another taxon
with an ambiguous lifestyle. The nutritional mode of
Oidiodendron is unclear and could be either sapro-
trophic or symbiotrophic, as it is isolated from decay-
ing plant material (Calduch et al. 2004) and in ericoid
species, improves nitrogen uptake and plant growth
(Wei et al. 2016). Considering the proximity of niches
such as roots and the surrounding rhizosphere soil,
factors promoting the direction of evolution along the
soil saprotrophy-mycorrhizal continuum mainly con-

I cern soil fungi (Selosse et al. 2018), which we also
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observed in the most common taxa of fungi classi-
fied as saprotrophs and root-associated (Achaeorhi-
zomyces, Mortierella, Umbelopsis) or root endohytes
(Oidiodendron). An ambiguous nutritional mode
and being considered symbiotic or saprobic may
also depend on the nutritional conditions of the host
environment (Fernando and Currah 1996). However,
fungi with an ambiguous lifestyles represent less than
3% of the sequences in our studies.

Mixture vs. pure tree zone in response to rewatering

In the three different root zones, soil fungal commu-
nities responded differently to rewatering. In the Mix
root zone, we found less fluctuation in the abundances
of fungal functional groups (SAPf vs ECMY) in rewa-
tered compared to control plots throughout the time
course, compared to the monospecific, spruce and
beech, root zones, and we hypothesized that a positive
effect of the Mix root zone would manifest in a faster
resemblance to controls. There was also less fluctua-
tion in soil fungal communities after rewatering in
mixed compared to monospecific root zones, suggest-
ing a higher resistance to drought and rewatering in
the Mix zone. This is in line with a microcosm exper-
iment, where tree mixtures (with presumed higher
niche complementarity in the soil compared to mono-
cultures) not only alleviated drought stress perceived
by soil fungal communities but also reduced com-
munity fluctuations after rewatering (Gillespie et al.
2020). In fact, higher overstory tree species diversity
(up to three species) is more likely to promote soil

@ Springer

microbial diversity through indirect interactions with
plant characteristics that alter soil characteristics,
such as litter, than through tree species diversity per
se (Thoms et al. 2010). However, in addition to the
physicochemical properties of leaf litter from differ-
ent plant species that lead to significant differences
in microbial community composition (i.e., conifer
litter is typically more recalcitrant than broadleaf lit-
ter (Setiawan et al. 2016)), root traits, including root
biomass and necromass, are also important (Thoms
et al. 2010). Similar to our study, trends of differ-
entiation of the soil fungal community in beech and
spruce monocultures and mixed stands were found by
Likulunga et al. (2021) and explained by soil condi-
tions and the relative abundance of conifers. When
growing in mixture, beech may be able to locate more
fine roots deeper than spruce (Leuschner et al. 2004).
Thus, spruce roots may have been the main factor
shaping the soil fungal communities in the Mix zone,
being located in the upper soil layer (Zwetsloot and
Bauerle 2021). The effects of rewatering include a
flush of nutrients and should lead to a rapid reaction
of soil SAPf communities (Manrubia et al. 2019).
We expected a faster change in SAPf diversity in the
mixed zone due to a more heterogeneous soil environ-
ment compared to the monospecific zone (H2), which
was not the case in the first three months. Whether
this positive effect will be effective in the longer term
requires further study. Griffiths and Philippot (2013)
reported that faster regeneration is associated with
higher physiological activity of certain taxa or higher
microbial diversity and that resistant or faster regen-
erating taxa are more likely to occur in more diverse
communities. However, in our study, this was not the
case, and we did not observe a higher diversity of the
soil fungal community in the mixture in comparison
to the monoculture.

Functional response of the soil fungal community

In support of our third hypothesis, the structure
of SAPf communities in our study correlated with
soil enzyme activities. Due to the high functional
redundancy of microbiota, the structure of micro-
bial communities modified by abiotic agents can
still function like control communities, allowing
the buffering of the changes that occur (Allison
and Martiny 2008). In our study, however, the cor-
relation of the enzyme profile, especially in the
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rewatered variant associated with altered SAPT,
persisted beyond the three months of the experi-
ment. This indicates that three months was too short
a period to restore the whole soil—plant system,
including the functioning of the fungal communi-
ties, to the conditions before the drought period.
Responsiveness of fungal taxa to the root zone and
drought legacy was associated with the highest
diversity of SAPf in the spruce root zone, but the
abundance of the most common taxa did not respond
to rewatering in contrast to the beech and Mix root
zones. In all (spruce, beech and mixed between spe-
cies) root zones, the most abundant genera were
mostly positively associated with hydrolytic enzyme
activities (xyl, gls, glr, cbh) and negatively associ-
ated with oxidative enzyme activities (i.e., laccase).
These enzymes (xyl, gls, glr, cbh) were also more
active in rewatered samples in the Mix and beech
root zones than in control. In the beech root zone,
enzymes associated with simple carbon source use
responded fast and later on were replaced by those
with more recalcitrant substrates. These enzymatic
changes were associated with faster changes in lit-
ter saprotrophs in the beech zone. In contrast, the
dynamics of SAPf were not as pronounced in the
spruce zone with phenol-rich leaf litter, suggest-
ing that litter degraders within SAPf taxa had the
ability to degrade recalcitrant materials such as

B8 lignin and cellulose (Tunlid et al. 2016). Surpris-
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ingly, we found no association between the domi-
nant SAPf genera and laccase activity, although
other genera, even those of ECMf, were positively
associated with the activity of this enzyme. An ear-
lier study by Nickel et al. (2018) at the same site
showed a decrease in ECMf-associated laccase
activity on roots under prolonged (3 years) drought.
Russulales, a ubiquitous order of ECMf (Looney
et al. 2018), are particularly common in temperate
beech stands (Pena et al. 2017) but less common in
spruce forests (Asplund et al. 2019). In this study,
the most abundant ECM{f genus was Russula (more
abundant in the beech and Mix root zones), which
was positively associated with laccase activity in all
root zones. Russulales appear to be specialized for
acquiring ammonium (Nygren et al. 2008) and are
known to have retained lignolytic enzymes (Looney
et al. 2018). This suggests that ECMf with the capa-
bility to mineralize nitrogen from phenol-protein

complexes (Pellitier and Zak 2018) may be favored
under drought conditions.

Although ECMT in our study were associated with
changes in soil enzyme activities, more genera of
SAPf were involved, and dynamics in the composi-
tion of SAPf were correlated more strongly with the
enzyme profile in the rewatering, as shown by the
Mantel test. ECMf and SAPf have overlapping fun-
damental niches (Fernandez and Kennedy 2016), but
ECM{ may limit the realized niche of saprotrophs and
suppress their decomposer activity (Fernandez and
Kennedy 2016). Our findings of a stronger positive
effect of SAPf on enzyme activity in the rewatered
plots indicate that in our experimental setup during
the rewatering decomposition process is not slowed
down by ECMf competition.

Our study of soil fungal communities was based
on DNA analysis, which represents a total microbial
community pool including living, dead and rest-
ing microorganisms (Lennon and Jones 2011). In
a simultaneous study performed on roots, we found
good agreement between RNA- and DNA-based fun-
gal communities in the rewatering phase (Danzberger
et al. 2023). This indicates that the lack of strong
dynamics in our study does not reflect a methodo-
logical bias toward resting stages or DNA from dead
fungi, although a certain share cannot entirely be
ruled out.

Conclusion

This study highlighted that a previous drought regime
over 5 years in a beech/spruce forest had an important
structuring influence on soil fungal communities dur-
ing the first three months after rewatering. The close
relationship between the SAPf and the rapidly chang-
ing soil conditions was emphasized by the faster and
stronger response of the SAPf compared to the ECMf
communities. The correlation between changes in
SAPf community structure and soil enzyme activities
in rewatered plots also supports this conclusion. SAPf
community structure may be shaped more by the
type of leaf litter accessible after water contact with
the substrate than by the abiotic soil condition itself,
since SAPf community structure was more related
to the dynamics of nitrogen levels than to soil water
content and different SAPf community responses
in beech vs. spruce monoculture. SAPf community
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structure varied less in the mixed tree area, suggest-
ing a buffering mixture effect.

Our findings underline that a short period of res-
toration of water conditions may not allow the soil
ecosystem to recover from drought. Long-term effects
on soil fungal communities and their functions need
to be addressed in future studies to improve our abil-
ity to predict the impacts of extreme precipitation
changes on European forest soils.

Acknowledgements We would like to thank the people who
made the research possible in particular Franz Buegger (helped
taking the samples), Susanne Kublik (Sequencing), Gudrun
Hufnagel (for N analysis).

Author’s contributions FW und KP designed the experi-
ment. FW, JD and JM processed the samples, analysed and
interpreted the data with support from RW and KP. JM wrote
the first draft of manuscript. All the authors substantially
revised the manuscript.

Funding We gratefully acknowledge funding of the
“KROOF”’-project by the German Research Foundation
(PR555/2-1) and by the Bavarian State Ministries of the Envi-
ronment and Consumer Protection as well as Food, Agriculture
and Forestry (W047/Kroof II). Joanna Mucha is grateful to
Deutscher Akademischer Austauschdienst (DAAD) Grant No.
57507437 for financial support of her scholarship and Institute
of Dendrology Polish Academy of Sciences.

Data availability The datasets generated and analyzed during
the current study are available in the Sequence Read Archive
(SRA) repository in the NCBI. (BioProject PRINA994002
http://www.ncbi.nlm.nih.gov/bioproject/994002).

Declarations

Conflict of interest ~ The authors declare no conflict of inter-
est.

References

Abarenkov K, Zirk A, Piirmann T, P6honen R, Ivanov F, Nils-
son RH, Kodljalg U (2020) UNITE general FASTA release
for Fungi 2. UNITE Community. https://doi.org/10.15156/
BIO/786369

Agerer R (2001) Exploration types of ectomycorrhizae: a
proposal to classify ectomycorrhizal mycelial systems
according to their patterns of differentiation and putative
ecological importance. Mycorrhiza 11:107-114. https://
doi.org/10.1007/s005720100108

Alburae NA, Mohammed AE, Alorfi HS, Turki AJ, Asfour HZ,
Alarif WM, Abdel-Lateff A (2020) Nidulantes of Asper-
gillus (formerly Emericella): A treasure trove of chemical
diversity and biological activities. Metabolites 10:73

@ Springer

Allen ST, Kirchner JW, Braun S, Siegwolf RT, Goldsmith
GR (2019) Seasonal origins of soil water used by trees.
Hydrol Earth Sys Sc 23(2):1199-1210. https://doi.org/
10.5194/hess-23-1199-2019

Allison SD, Martiny JB (2008) Resistance, resilience,
and redundancy in microbial communities. PNAS
105:11512-11519.  https://doi.org/10.1073/pnas.08019
25105

Arend M, Link RM, Zahnd C, Hoch G, Schuldt B, Kahmen
A (2022) Lack of hydraulic recovery as a cause of post-
drought foliage reduction and canopy decline in European
beech. New Phytol 234(4):1195-1205. https://doi.org/10.
1111/nph.18065

Asplund J, Kauserud H, Bokhorst S, Lie MH, Ohlson M, Nyb-
akken L (2018) Fungal communities influence decomposi-
tion rates of plant litter from two dominant tree species.
Fungal Ecol 32:1-8. https://doi.org/10.1016/j.funeco.
2017.11.003

Asplund J, Kauserud H, Ohlson M, Nybakken L (2019) Spruce
and beech as local determinants of forest fungal com-
munity structure in litter, humus and mineral soil. FEMS
Microbiol Ecol 95(2):fiy232. https://doi.org/10.1093/fem-
sec/fiy232

Awad A, Majcherczyk A, Schall P et al (2019) Ectomycor-
rhizal and saprotrophic soil fungal biomass are driven by
different factors and vary among broadleaf and coniferous
temperate forests. Soil Biol Biochem 131:9-18. https://
doi.org/10.1016/j.s0ilbio.2018.12.014

Baldrian P (2017) Forest microbiome: diversity, complex-
ity and dynamics. FEMS Microbiol Rev 41(2):109-130.
https://doi.org/10.1093/femsre/fuw040

Baldrian P, Lopez-Mondéjar R, Kohout P (2023) Forest micro-
biome and global change. Nat Rev Microbiol: 1-15.
https://doi.org/10.1038/s41579-023-00876-4

Baldrian P, Merhautova V, Petrankova M, Cajthaml T, §najdr
J (2010) Distribution of microbial biomass and activity of
extracellular enzymes in a hardwood forest soil reflect soil
moisture content. App Soil Ecol 46(2):177-182. https://
doi.org/10.1016/j.aps0il.2010.08.013

Barnes CJ, van der Gast CJ, McNamara NP, Rowe R, Bending
GD (2018) Extreme rainfall affects assembly of the root-
associated fungal community. New Phytol 220(4):1172—
1184. https://doi.org/10.1111/nph.14990

Bengtsson-Palme J, Ryberg M, Hartmann M et al (2013)
Improved software detection and extraction of ITS1 and
ITS 2 from ribosomal ITS sequences of fungi and other
eukaryotes for analysis of environmental sequencing data.
Methods Ecol Evol 4(10):914-919. https://doi.org/10.
1111/2041-210X.12073

Berger TW, Berger P (2012) Greater accumulation of litter in
spruce (Picea abies) compared to beech (Fagus sylvatica)
stands is not a consequence of the inherent recalcitrance
of needles. Plant Soil 358:349-369. https://doi.org/10.
1007/s11104-012-1165-z

Berger TW, Berger P (2014) Does mixing of beech (Fagus syl-
vatica) and spruce (Picea abies) litter hasten decomposi-
tion? Plant Soil 377:217-234. https://doi.org/10.1007/
s11104-013-2001-9

Bodeker IT, Clemmensen KE, de Boer W, Martin F, Olson 10\,
Lindahl BD (2014) Ectomycorrhizal Cortinarius species
participate in enzymatic oxidation of humus in northern

| Journal : Medium 11104 Article No : 6564 Pages : 22

MS Code : 6564

Dispatch : 23-2-2024

1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
11
1112
1113
1114
1115
1116
117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135


http://www.ncbi.nlm.nih.gov/bioproject/994002
https://doi.org/10.15156/BIO/786369
https://doi.org/10.15156/BIO/786369
https://doi.org/10.1007/s005720100108
https://doi.org/10.1007/s005720100108
https://doi.org/10.5194/hess-23-1199-2019
https://doi.org/10.5194/hess-23-1199-2019
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1111/nph.18065
https://doi.org/10.1111/nph.18065
https://doi.org/10.1016/j.funeco.2017.11.003
https://doi.org/10.1016/j.funeco.2017.11.003
https://doi.org/10.1093/femsec/fiy232
https://doi.org/10.1093/femsec/fiy232
https://doi.org/10.1016/j.soilbio.2018.12.014
https://doi.org/10.1016/j.soilbio.2018.12.014
https://doi.org/10.1093/femsre/fuw040
https://doi.org/10.1038/s41579-023-00876-4
https://doi.org/10.1016/j.apsoil.2010.08.013
https://doi.org/10.1016/j.apsoil.2010.08.013
https://doi.org/10.1111/nph.14990
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1007/s11104-012-1165-z
https://doi.org/10.1007/s11104-012-1165-z
https://doi.org/10.1007/s11104-013-2001-9
https://doi.org/10.1007/s11104-013-2001-9

1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
171
1172
1173
174
1175
1176
177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195

Plant Soil

forest ecosystems. New Phytol 203(1):245-256. https://
doi.org/10.1111/nph.12791

Brockett BF, Prescott CE, Grayston SJ (2012) Soil moisture is
the major factor influencing microbial community struc-
ture and enzyme activities across seven biogeoclimatic
zones in western Canada. Soil Biol Biochem 44(1):9-20.
https://doi.org/10.1016/j.s0ilbio.2011.09.003

Brunn M, Hafner BD, Zwetsloot MJ, Weikl F, Pritsch K,
Hikino K, Ruehr NK, Sayer EJ, Bauerle TL (2022) Car-
bon allocation to root exudates is maintained in mature
temperate tree species under drought. New Phytol
235:965-977. https://doi.org/10.1111/nph.18157

Buscardo E, Souza RC, Meir P, Geml J, Schmidt SK, Da Costa
AC, Nagy L (2021) Effects of natural and experimental
drought on soil fungi and biogeochemistry in an Amazon
rain forest. Commun Earth Environ 2(1):55. https://doi.
org/10.1038/543247-021-00124-8

Calduch M, Gené J, Cano J, Stchigel AM, Guarro J (2004)
Three new species of Oidiodendron Robak from Spain.
Stud Mycol 50:159-170

Castafio C, Lindahl BD, Alday JG, Hagenbo A, Martinez de
Aragén J, Parladé J, Pera J, Bonet JA (2018) Soil micro-
climate changes affect soil fungal communities in a Medi-
terranean pine forest. New Phytol 220(4):1211-1221.
https://doi.org/10.1111/nph.15205

Castafio C, Suarez-Vidal E, Zas R, Bonet JA, Oliva J, Sampe-
dro L (2023) Ectomycorrhizal fungi with hydrophobic
mycelia and rhizomorphs dominate in young pine trees
surviving experimental drought stress. Soil Biol Bio-
chem 178:108932. https://doi.org/10.1016/].s0ilbio.2022.
108932

Chen J, Bittinger K, Charlson ES, Hoffmann C, Lewis J, Wu
GD, Collman RG, Bushman FD, Li H (2012) Associat-
ing microbiome composition with environmental covari-
ates using generalized UniFrac distances. Bioinformatics
28(16):2106-2113. https://doi.org/10.1093/bioinforma
tics/bts342

Cornelissen J, Aerts R, Cerabolini B, Werger M, Van Der Hei-
jden M (2001) Carbon cycling traits of plant species are
linked with mycorrhizal strategy. Oecologia 129:611-619.
https://doi.org/10.1007/s004420100752

Danzberger J, Werner R, Mucha J, Pritsch K, Weikl F (2023)
Drought legacy effects on fine-root associated fungal com-
munities are modulated by tree species rooting zone. Front
For Glob Change 6:1197791. https://doi.org/10.3389/ffgc.
2023.1197791

Deng L, Peng C, Kim DG, Li J, Liu J, Hai X, Liu Q, Huang
C, Shangguan Z, Kuzyakov Y (2021) Drought effects on
soil carbon and nitrogen dynamics in global natural eco-
systems. Earth Sci Rev 214:103501. https://doi.org/10.
1016/j.earscirev.2020.103501

Ekblad A, Wallander H, Godbold DL et al (2013) The pro-
duction and turnover of extramatrical mycelium of
ectomycorrhizal fungi in forest soils: role in carbon
cycling. Plant Soil 366(1):1-27. https://doi.org/10.1007/
s11104-013-1630-3

Fernandez CW, Kennedy PG (2016) Revisiting the ‘Gadgil
effect’: do interguild fungal interactions control carbon
cycling in forest soils? New Phytol 209(4):1382-1394.
https://doi.org/10.1111/nph.13648

Fernando AA, Currah RS (1996) A comparative study of the
effects of the root endophytes Leptodontidium orchidi-
cola and Phialocephala fortinii (Fungi Imperfecti) on
the growth of some subalpine plants in culture. Can J Bot
74(7):1071-1078

Fierer N, Wood SA, de Mesquita CPB (2021) How microbes
can, and cannot, be used to assess soil health. Soil Biol
Biochem 153:108111. https://doi.org/10.1016/j.soilbio.
2020.108111

Foster GC, Lane D, Scott D, Hebl M, Guerra R, Osherson D,
Zimmer H, This. (2018) An introduction to psychological
statistics. In: University of Missouri, St. Louis. https://irl.
umsl.edu/oer/4/

Gillespie LM, Fromin N, Milcu A, Buatois B, Pontoizeau C,
Hittenschwiler S (2020) Higher tree diversity increases
soil microbial resistance to drought. Commun Biol
3(1):377. https://doi.org/10.1038/s42003-020-1112-0

Goslee SC, Urban DL (2007) The ecodist package for dissimi-
larity-based analysis of ecological data. J Stat Softw 22:1—
19. https://doi.org/10.18637/jss.v022.107

Grams TEE, Hesse BD, Gebhardt T, Weikl F, Rotzer T, Kovacs
B, Hikino K, Hafner BD, Brunn M, Bauerle T, Hiberle
KH, Pretzsch H, Pritsch K (2021) The Kroof experiment:
realization and efficacy of a recurrent drought experi-
ment plus recovery in a beech/spruce forest. Ecosphere
12:e03399. https://doi.org/10.1002/ecs2.3399

Griffiths BS, Philippot L (2013) Insights into the resistance and
resilience of the soil microbial community. FEMS Micro-
biol Rev 37(2):112-129. https://doi.org/10.1111/j.1574-
6976.2012.00343.x

Gweon HS, Oliver A, Taylor J, Booth T, Gibbs M, Read DS,
Griffiths RI, Schonrogge K (2015) PIPITS: an automated
pipeline for analyses of fungal internal transcribed spacer
sequences from the Illumina sequencing platform. Meth-
ods Ecol Evol 6(8):973-980. https://doi.org/10.1111/
2041-210X.12399

Harrell Jr FE, Harrell Jr MFE (2019) Package ‘hmisc’.
CRAN2018, 2019, 235-236

Hesse BD, Gebhardt T, Hafner BD, Hikino K, Reitsam A, Gigl
M, Dawid C, Hiberle KH, Grams TE (2022) Physiologi-
cal recovery of tree water relations upon drought release—
response of mature beech and spruce after five years of
recurrent summer drought. Tree Physiol 43(4):522-538.
https://doi.org/10.1093/treephys/tpac135

Hikino K, Danzberger J, Riedel VP, Rehschuh R, Ruehr NK,
Hesse BD, Pritsch K, Grams TE (2022) High resilience
of carbon transport in long-term drought-stressed mature
Norway spruce trees within 2 weeks after drought release.
Glob Chan Biol 28(6):2095-2110. https://doi.org/10.
1016/j.envexpbot.2021.104615

Hobbie EA, Agerer R (2010) Nitrogen isotopes in ectomycor-
rhizal sporocarps correspond to belowground explora-
tion types. Plant Soil 327:71-83. https://doi.org/10.1007/
s11104-009-0032-z

Hogberg MN, Baith E, Nordgren A, Arnebrant K, Hogberg P
(2003) Contrasting effects of nitrogen availability on plant
carbon supply to mycorrhizal fungi and saprotrophs — a
hypothesis based on field observations in boreal forest.
New Phytol 160:225-238. https://doi.org/10.1046/j.1469-
8137.2003.00867.x

@ Springer

Journal : Medium 11104 Article No : 6564 Pages : 22

MS Code : 6564

| Dispatch : 2322024 |

1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206

it

1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255


https://doi.org/10.1111/nph.12791
https://doi.org/10.1111/nph.12791
https://doi.org/10.1016/j.soilbio.2011.09.003
https://doi.org/10.1111/nph.18157
https://doi.org/10.1038/s43247-021-00124-8
https://doi.org/10.1038/s43247-021-00124-8
https://doi.org/10.1111/nph.15205
https://doi.org/10.1016/j.soilbio.2022.108932
https://doi.org/10.1016/j.soilbio.2022.108932
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1007/s004420100752
https://doi.org/10.3389/ffgc.2023.1197791
https://doi.org/10.3389/ffgc.2023.1197791
https://doi.org/10.1016/j.earscirev.2020.103501
https://doi.org/10.1016/j.earscirev.2020.103501
https://doi.org/10.1007/s11104-013-1630-3
https://doi.org/10.1007/s11104-013-1630-3
https://doi.org/10.1111/nph.13648
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1016/j.soilbio.2020.108111
https://irl.umsl.edu/oer/4/
https://irl.umsl.edu/oer/4/
https://doi.org/10.1038/s42003-020-1112-0
https://doi.org/10.18637/jss.v022.i07
https://doi.org/10.1002/ecs2.3399
https://doi.org/10.1111/j.1574-6976.2012.00343.x
https://doi.org/10.1111/j.1574-6976.2012.00343.x
https://doi.org/10.1111/2041-210X.12399
https://doi.org/10.1111/2041-210X.12399
https://doi.org/10.1093/treephys/tpac135
https://doi.org/10.1016/j.envexpbot.2021.104615
https://doi.org/10.1016/j.envexpbot.2021.104615
https://doi.org/10.1007/s11104-009-0032-z
https://doi.org/10.1007/s11104-009-0032-z
https://doi.org/10.1046/j.1469-8137.2003.00867.x
https://doi.org/10.1046/j.1469-8137.2003.00867.x

1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315

Plant Soil

IPCC (2021) ARG6 climate change 2021: impacts, adaptation
and vulnerability — IPCC. In: IPCC. https://www.ipcc.ch/
report/sixth-assessment-report-working-group-ii/

Joseph J, Gao D, Backes B et al (2020) Rhizosphere activity
in an old-growth forest reacts rapidly to changes in soil
moisture and shapes whole-tree carbon allocation. PNAS
117(40):24885-24892. https://doi.org/10.1073/pnas.
2014084117

Koljalg U, Nilsson RH, Abarenkov K et al (2013) Towards a
unified paradigm for sequence-based identification of
fungi. Mol Ecol 22(21):5271-5277. https://doi.org/10.
1111/mec.12481

Kreyling J, Beierkuhnlein C, Elmer M, Pritsch K, Radovski
M, Schloter M, Wollecke J, Jentsch A (2008) Soil biotic
processes remain remarkably stable after 100-year
extreme weather events in experimental grassland and
heath. Plant Soil 308:175-188. https://doi.org/10.1007/
s11104-008-9617-1

Kubartova A, Ranger J, Berthelin J, Beguiristain T (2009)
Diversity and decomposing ability of saprophytic fungi
from temperate forest litter. Microb Ecol 58:98-107.
https://doi.org/10.1007/s00248-008-9458-8

Lamhamedi MS, Bernier PY, André-Fortin J (1992) Hydraulic
conductance and soil water potential at the soil-root inter-
face of pinus pinaster seedlings inoculated with differ-
ent dikaryons of pisolithus sp. Tree Physiol 10:231-244.
https://doi.org/10.1093/treephys/10.3.231

Landesman WJ, Dighton J (2011) Shifts in microbial biomass
and the bacteria: fungi ratio occur under field conditions
within 3 h after rainfall. Microb Ecol 62:228-236. https://
doi.org/10.1007/s00248-011-9811-1

Lehto T, Zwiazek JJ (2011) Ectomycorrhizas and water rela-
tions of trees: a review. Mycorrhiza 21:71-90. https://doi.
org/10.1007/s00572-010-0348-9

Lennon JT, Jones SE (2011) Microbial seed banks: the ecologi-
cal and evolutionary implications of dormancy. Nat Rev
Microbiol  9(2):119-130. https://doi.org/10.1038/nrmic
102504

Leuschner C (2020) Drought response of European beech
(Fagus sylvatica L.)—A review. Perspect Plant Ecol Evol
Syst  47:125576.  https://doi.org/10.1016/j.ppees.2020.
125576

Leuschner C, Coners H, Icke R (2004) In situ measurement of
water absorption by fine roots of three temperate trees:
species differences and differential activity of superficial
and deep roots. Tree Physiol 24(12):1359-1367. https://
doi.org/10.1093/treephys/24.12.1359

Likulunga LE, Pérez CAR, Schneider D, Daniel R, Polle A
(2021) Tree species composition and soil properties in
pure and mixed beech-conifer stands drive soil fungal
communities. For Ecol Managem 502:119709. https://doi.
org/10.1016/j.foreco.2021.119709

Lindahl BD, Tunlid A (2015) Ectomycorrhizal fungi—potential
organic matter decomposers, yet not saprotrophs. New
Phytol 205(4):1443-1447. https://doi.org/10.1111/nph.
13201

Lofgren LA, LeBlanc NR, Certano AK, Nachtigall J, LaBine
KM, Riddle J, Broz K, Dong Y, Bethan B, Kafer CW et al
(2018) Fusarium graminearum: pathogen or endophyte of
North American grasses? New Phytol 217:1203-1212

@ Springer

Looney BP, Meidl P, Piatek MJ, Miettinen O, Martin FM,
Matheny PB, Labbé JL (2018) Russulaceae: a new
genomic dataset to study ecosystem function and evolu-
tionary diversification of ectomycorrhizal fungi with their
tree associates. New Phytol 218(1):54-65. https://doi.org/
10.1111/nph.15001

Manrubia M, van der Putten WH, Weser C et al (2019) Soil
functional responses to drought under range-expanding
and native plant communities. Funct Ecol 33(12):2402—
2416. https://doi.org/10.1111/1365-2435.13453

Martinez-Garcia LB, Korthals GW, Brussaard L, Mainardi G,
De Deyn GB (2021) Litter quality drives nitrogen release,
and agricultural management (organic vs. conventional)
drives carbon loss during litter decomposition in agro-
ecosystems. Soil Biol Biochem 153:108115. https://doi.
org/10.1016/j.50ilbio.2020.108115

Martino E, Morin E, Grelet G-A, Kuo A, Kohler A, Daghino S,
Barry KW, Cichocki N, Clum A, Dockter RB et al (2018)
Comparative genomics and transcriptomics depict ericoid
mycorrhizalfungi as versatile saprotrophs and plant mutu-
alists. New Phytol 217:1213-1229

McMurdie PJ, Holmes S (2013) Phyloseq: an R package for
reproducible interactive analysis and graphics of microbi-
ome census data. PLoS ONE 8:e61217. https://doi.org/10.
1371/journal.pone.0061217

Morrison EW, Frey SD, Sadowsky JJ, van Diepen LT, Thomas
WK, Pringle A (2016) Chronic nitrogen additions funda-
mentally restructure the soil fungal community in a tem-
perate forest. Fungal Ecol 23:48-57. https://doi.org/10.
1016/j.funeco.2016.05.011

Mucha J (2011) Changes in hyphal morphology and activity of
phenoloxidases during interactions between selected ecto-
mycorrhizal fungi and two species of Trichoderma. Anton
Van Leeuw 100(1):155-160

Nickel UT, Winkler JB, Miihlhans S, Buegger F, Munch
JC, Pritsch K (2017) Nitrogen fertilisation reduces
sink strength of poplar ectomycorrhizae during recov-
ery after drought more than phosphorus fertilisation.
Plant Soil 419(1):405-422. https://doi.org/10.1007/
s11104-017-3354-2

Nickel UT, Weikl F, Kerner R, Schiifer C, Kallenbach C,
Munch JC, Pritsch K (2018) Quantitative losses vs. quali-
tative stability of ectomycorrhizal community responses
to 3 years of experimental summer drought in a beech—
spruce forest. Glob Chan Biol 24(2):e560-e576. https://
doi.org/10.1111/gcb.13957

Nikolova PS, Bauerle TL, Hiberle KH, Blaschke H, Brunner
I, Matyssek R (2020) Fine-Root Traits Reveal Contrast-
ing Ecological Strategies in European Beech and Nor-
way Spruce During Extreme Drought. Front Plant Sci 11.
https://doi.org/10.3389/fpls.2020.01211

Nikolova N (2008) Extreme precipitation months in Bulgaria
/ Luni cu preciiitaNii extreme fn Bulgaria. Geographical
Phorum -Geographical studies and environment protec-
tion research, Year 6, No. 7 / 2008, 83 -92

Nilsson RH, Larsson KH, Taylor AFS, Bengtsson-Palme J,
Jeppesen TS, Schigel D, Kennedy P, Picard K, Glock-
ner FO, Tedersoo L, Saar I, Koljalg U, Abarenkov K
(2019) The UNITE database for molecular identifica-
tion of fungi: handling dark taxa and parallel taxonomic

| Journal : Medium 11104 Article No : 6564 Pages : 22

MS Code : 6564

Dispatch : 23-2-2024

1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375


https://www.ipcc.ch/report/sixth-assessment-report-working-group-ii/
https://www.ipcc.ch/report/sixth-assessment-report-working-group-ii/
https://doi.org/10.1073/pnas.2014084117
https://doi.org/10.1073/pnas.2014084117
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
https://doi.org/10.1007/s11104-008-9617-1
https://doi.org/10.1007/s11104-008-9617-1
https://doi.org/10.1007/s00248-008-9458-8
https://doi.org/10.1093/treephys/10.3.231
https://doi.org/10.1007/s00248-011-9811-1
https://doi.org/10.1007/s00248-011-9811-1
https://doi.org/10.1007/s00572-010-0348-9
https://doi.org/10.1007/s00572-010-0348-9
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.1016/j.ppees.2020.125576
https://doi.org/10.1016/j.ppees.2020.125576
https://doi.org/10.1093/treephys/24.12.1359
https://doi.org/10.1093/treephys/24.12.1359
https://doi.org/10.1016/j.foreco.2021.119709
https://doi.org/10.1016/j.foreco.2021.119709
https://doi.org/10.1111/nph.13201
https://doi.org/10.1111/nph.13201
https://doi.org/10.1111/nph.15001
https://doi.org/10.1111/nph.15001
https://doi.org/10.1111/1365-2435.13453
https://doi.org/10.1016/j.soilbio.2020.108115
https://doi.org/10.1016/j.soilbio.2020.108115
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.funeco.2016.05.011
https://doi.org/10.1016/j.funeco.2016.05.011
https://doi.org/10.1007/s11104-017-3354-2
https://doi.org/10.1007/s11104-017-3354-2
https://doi.org/10.1111/gcb.13957
https://doi.org/10.1111/gcb.13957
https://doi.org/10.3389/fpls.2020.01211

1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428

{932

1431
1432
1433
1434
1435
1436

Plant Soil

classifications. Nucleic Acids Res 47(D1):D259-D264.
https://doi.org/10.1093/nar/gky 1022

Nygren CM, Eberhardt U, Karlsson M, Parrent JL, Lindahl
BD, Taylor AF (2008) Growth on nitrate and occur-
rence of nitrate reductase-encoding genes in a phyloge-
netically diverse range of ectomycorrhizal fungi. New
Phytol 180(4):875-889. https://doi.org/10.1111/j.1469-
8137.2008.02618.x

Oksanen J, Blanchet FG, Kindt R et al (2021) Pack-
age ‘vegan’: community ecology package. Version
2(9):1-295

Pellitier PT, Zak DR (2018) Ectomycorrhizal fungi and the
enzymatic liberation of nitrogen from soil organic matter:
why evolutionary history matters. New Phytol 217(1):68—
73. https://doi.org/10.1111/nph.14598

Pena R, Lang C, Lohaus G, Boch S, Schall P, Schoning I,
Ammer C, Fischer M, Polle A (2017) Phylogenetic and
functional traits of ectomycorrhizal assemblages in top
soil from different biogeographic regions and forest
types. Mycorrhiza 27:233-245. https://doi.org/10.1007/
s00572-016-0742-z

Polme S, Abarenkov K, Nilsson RH et al (2020) FungalTraits:
a user-friendly traits database of fungi and fungus-like
stramenopiles. Fungal Divers 105(1):1-16. https://doi.org/
10.1007/s13225-020-00466-2

Pretzsch H, Rotzer T, Matyssek R, Grams TEE, Hiberle KH,
Pritsch K, Kerner R, Munch JC (2014) Mixed Norway
spruce (Picea abies [L.] Karst) and European beech
(Fagus sylvatica [L.]) stands under drought: from reaction
pattern to mechanism. Trees 28(5):1305-1321. https://doi.
org/10.1007/s00468-014-1035-9

Pretzsch H, Grams T, Hiberle KH, Pritsch K, Bauerle T,
Roétzer T (2020) Growth and mortality of Norway spruce
and European beech in monospecific and mixed-species
stands under natural episodic and experimentally extended
drought. Results of the KROOF throughfall exclusion
experiment. Trees 34(4):957-970. https://doi.org/10.1007/
s00468-020-01973-0

Pritsch K, Luedemann G, Matyssek R, Hartmann A, Schloter
M, Scherb H, Grams TEE (2005) Mycorrhizosphere
responsiveness to atmospheric ozone and inoculation with
Phytophthora citricola in a phytotron experiment with
spruce/beech mixed cultures. Plant Biol 7(6):718-727.
https://doi.org/10.1055/s-2005-872972

Puissant J, Cécillon L, Mills RT, Robroek BJ, Gavazov K,
De Danieli S et al (2015) Seasonal influence of climate
manipulation on microbial community structure and func-
tion in mountain soils. Soil Biol Biochem 80:296-305

Rognes T, Flouri T, Nichols B, Quince C, Mahé F (2016)
VSEARCH: a versatile open source tool for metagenom-
ics. Peer] 4:e2584

Rosling A, Cox F, Cruz-Martinez K, Thrmark K, Grelet GA,
Lindahl BD, Menkis A, James TY (2011) Archaeorhizo-
mycetes: Unearthing an ancient class of ubiquitous soil
fungi. Science 333(6044):876-879

Sardans J, Pefiuelas J (2005) Drought decreases soil enzyme
activity in a Mediterranean Quercus ilex L. forest. Soil
Biol Biochem 37(3):455-461. https://doi.org/10.1016/j.
soilbio.2004.08.004

Schimel J, Balser T, Wallenstein M (2007) Microbial stress-
response physiology and its implications for ecosystem

function. Ecology 88:1386—1394. https://doi.org/10.1890/
06-0219

Selosse MA, Schneider-Maunoury L, Martos F (2018) Time
to re-think fungal ecology? Fungal ecological niches are
often prejudged. New Phytol 217(3):968-972

Setiawan NN, Vanhellemont M, De Schrijver A, Schelfhout
S, Baeten L, Verheyen K (2016) Mixing effects on litter
decomposition rates in a young tree diversity experiment.
Acta Oecologica 70:79-86. https://doi.org/10.1016/j.
actao.2015.12.003

Sharda JN, Koide RT (2008) Can hypodermal passage cell dis-
tribution limit root penetration by mycorrhizal fungi? New
Phytol 180(3):696-701. https://doi.org/10.1111/j.1469-
8137.2008.02600.x

Sherwood S, Fu Q (2014) A drier future? Science
343(6172):737-739. https://doi.org/10.1126/science.
1247620

Smith SE, Read DJ (2010) Mycorrhizal symbiosis. Academic
press

Talbot JM, Bruns TD, Smith DP, Branco S, Glassman SI,
Erlandson S, Vilgalys R, Peay KG (2013) Independent
roles of ectomycorrhizal and saprotrophic communities
in soil organic matter decomposition. Soil Biol Biochem
57:282-291. https://doi.org/10.1016/j.s0ilbio.2012.10.004

Tedersoo L, Smith ME (2013) Lineages of ectomycorrhizal
fungi revisited: foraging strategies and novel lineages
revealed by sequences from belowground Fungal. Biol
Rev 27(3-4):83-99. https://doi.org/10.1016/j.fbr.2013.09.
001

Tedersoo L, May TW, Smith ME (2010) Ectomycorrhizal life-
style in fungi: global diversity, distribution, and evolution
of phylogenetic lineages. Mycorrhiza 20:217-263. https://
doi.org/10.1007/s00572-009-0274-x

Tedersoo L, Anslan S, Bahram M, Polme S, Riit T, Liiv I,
Koéljalg U, Kisand V, Nilsson RH, Hildebrand F, Bork P,
Abarenkov K (2015) Shotgun metagenomes and multiple
primer pair-barcode combinations of amplicons reveal
biases in metabarcoding analyses of fungi. MycoKeys
10:1. https://doi.org/10.3897/mycokeys.10.4852

Tedersoo L, Bahram M, Cajthaml T, Polme S, Hiiesalu I,
Anslan S, Harend H, Buegger F, Pritsch K, Koricheva
J, Abarenkov K (2016) Tree diversity and species iden-
tity effects on soil fungi, protists and animals are context
dependent. ISME J 10:346-362. https://doi.org/10.1038/
ismej.2015.116

Thai S, Pavli L, Tejnecky V, Chovancova S, Hin L, Thet B,
Némecek K, Drabek O (2023) Temporal changes in soil
chemical compositions in acidified mountain forest soils
of Czech Republic. Eur J For Res: 1-15. https://doi.org/
10.1007/s10342-023-01564-x

Thoms C, Gattinger A, Jacob M, Thomas FM, Gleixner G
(2010) Direct and indirect effects of tree diversity drive
soil microbial diversity in temperate deciduous forest. Soil
Biol Biochem 42(9):1558-1565

Ulrich DE, Grossiord C (2023) Faster drought recovery in
anisohydric beech compared with isohydric spruce. Tree
Physiol 43(4):517-521. https://doi.org/10.1093/treephys/
tpad009

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive Bayes-
ian classifier for rapid assignment of rRNA sequences
into the new bacterial taxonomy. Appl Environ Microb

@ Springer

Journal : Medium 11104 Article No : 6564 Pages : 22

MS Code : 6564

| Dispatch : 2322024 |

1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497


https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1111/j.1469-8137.2008.02618.x
https://doi.org/10.1111/j.1469-8137.2008.02618.x
https://doi.org/10.1111/nph.14598
https://doi.org/10.1007/s00572-016-0742-z
https://doi.org/10.1007/s00572-016-0742-z
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s00468-014-1035-9
https://doi.org/10.1007/s00468-014-1035-9
https://doi.org/10.1007/s00468-020-01973-0
https://doi.org/10.1007/s00468-020-01973-0
https://doi.org/10.1055/s-2005-872972
https://doi.org/10.1016/j.soilbio.2004.08.004
https://doi.org/10.1016/j.soilbio.2004.08.004
https://doi.org/10.1890/06-0219
https://doi.org/10.1890/06-0219
https://doi.org/10.1016/j.actao.2015.12.003
https://doi.org/10.1016/j.actao.2015.12.003
https://doi.org/10.1111/j.1469-8137.2008.02600.x
https://doi.org/10.1111/j.1469-8137.2008.02600.x
https://doi.org/10.1126/science.1247620
https://doi.org/10.1126/science.1247620
https://doi.org/10.1016/j.soilbio.2012.10.004
https://doi.org/10.1016/j.fbr.2013.09.001
https://doi.org/10.1016/j.fbr.2013.09.001
https://doi.org/10.1007/s00572-009-0274-x
https://doi.org/10.1007/s00572-009-0274-x
https://doi.org/10.3897/mycokeys.10.4852
https://doi.org/10.1038/ismej.2015.116
https://doi.org/10.1038/ismej.2015.116
https://doi.org/10.1007/s10342-023-01564-x
https://doi.org/10.1007/s10342-023-01564-x
https://doi.org/10.1093/treephys/tpad009
https://doi.org/10.1093/treephys/tpad009

1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514

Plant Soil

73(16):5261-5267.

00062-07

Wei X, Chen J, Zhang C, Pan D (2016) A new Oidiodendron

https://doi.org/10.1128/AEM.

longevity and spatio-temporal production patterns in
mature temperate forest trees. New Phytol 231(3):974—
986. https://doi.org/10.1111/nph.17432

maius strain isolated from Rhododendron fortunei and its

effects on nitrogen uptake and plant growth. Front Micro-

biol 7:1327

Zapater M, Hossann C, Bréda N, Bréchet C, Bonal D,

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Granier A (2011) Evidence of hydraulic lift in a young

beech and oak mixed forest using 18 O soil water label-
https://doi.org/10.1007/

ling. Trees

25(5):885-894.

s00468-011-0563-9

Zhou X, Chen C, Wang Y, Xu Z, Han H, Li L, Wan S (2013)
Warming and increased precipitation have differential
effects on soil extracellular enzyme activities in a temper-

ate grassland. Sci Total Environ 444:552-558
Zwetsloot MJ, Bauerle TL (2021) Repetitive seasonal drought
causes substantial species-specific shifts in fine-root

@ Springer

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

[ Journal : Medium 11104

Article No : 6564

Pages : 22

MS Code : 6564 Dispatch : 23-2-2024

1515
1516
1517

1518
1519
1520

1521
1522
1523
1524
1525
1526


https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1007/s00468-011-0563-9
https://doi.org/10.1007/s00468-011-0563-9
https://doi.org/10.1111/nph.17432

Journal:
Article:

11104
6564

Author Query Form

Please ensure you fill out your response to the queries raised below and return this form along

with your corrections

Dear Author

During the process of typesetting your article, the following queries have arisen. Please check your typeset proof
carefully against the queries listed below and mark the necessary changes either directly on the proof/online grid or in the
‘Author’s response’ area provided below

Query | Details Required Author’s Response

AQl Please check author names and affiliations if presented/captured correctly.

AQ2 Leuchner 2020 has been changed to Leuschner, 2020 so that this citation matches the
Reference List. Please confirm that this is correct.

AQ3 Nikolova et al. 2008 has been changed to Nikolova, 2008 so that this citation matches
the Reference List. Please confirm that this is correct.

AQ4 Landesmann and Dighton 2011 has been changed to Landesman and Dighton, 2011 so
that this citation matches the Reference List. Please confirm that this is correct.

AQ5 Reference Kohler et al. 2018 has not been included in the Reference List, please supply
full publication details.

AQ6 Reference Martinez Arbizu 2020 has not been included in the Reference List, please
supply full publication details.

AQ7 Harrel Jr and Harrel Jr, 2019 has been changed to Harrell and Harrell, 2019 so that this
citation matches the Reference List. Please confirm that this is correct.

AQS8 Reference RCore Team 2021 has not been included in the Reference List, please
supply full publication details.

AQ9 Missing citation for Figure 1 was inserted here. Please check if appropriate. Otherwise,
please provide citation for Figure 1. Note that the order of main citations of figures/
tables in the text must be sequential.

AQ10 | Please check Figure captions if presented correctly.

AQI1 Please check if the Table captions, cell entries and footnotes are captured and
presented correctly.

AQI12 Mucha et al. 2011 has been changed to Mucha, 2011 so that this citation matches the
Reference List. Please confirm that this is correct.

AQI3 Morisson et al. 2016 has been changed to Morrison et al., 2016 so that this citation
matches the Reference List. Please confirm that this is correct.

AQ14 Selose et al., 2018 has been changed to Selosse et al., 2018 so that this citation matches
the Reference List. Please confirm that this is correct.




Query | Details Required Author’s Response
AQI15 Reference Tunlid et al. 2016 has not been included in the Reference List, please supply
full publication details.
AQI16 If applicable, please provide the access dates of references [Foster et al., 2018, IPCC,
2021].
AQ17

As References Rosling et al.,, 2011a and Rosling et al., 2011b are same, we have
deleted the duplicate reference and renumbered accordingly. Please check and confirm.




	Effects of€rewatering on€soil fungi and€soil enzymes in€a€spruce-beech forest after€a€5-year experimental drought
	Abstract 
	Backgrounds and aims 
	Results 
	Conclusion 

	Introduction
	Material and€methods
	Research site and sampling
	Soil enzyme analysis
	DNA extraction, PCR amplification, and sequencing
	DNA sequence processing
	Soil parameter analysis
	Statistical analysis

	Results
	Abiotic soil parameters
	Sequencing output
	Diversity of soil fungi in response to rewatering in different root zones
	Composition of soil fungal communities following rewatering
	Soil enzyme activities

	Discussion
	Response of SAPf vs. ECMf communities to rewatering
	Mixture vs. pure tree zone in response to rewatering
	Functional response of the soil fungal community

	Conclusion
	Acknowledgements 
	References


